Thermotolerance and heat acclimation are key adaptation processes that have been hitherto viewed as separate phenomena. Here, we provide evidence that these processes may share a common basis, as both may potentially be governed by the heat shock response. We evaluated the effects of a heat shock responseinhibitor (quercetin; 2,000 mg/day) on established markers of thermotolerance [gastrointestinal barrier permeability, plasma TNF-α, IL-6, and IL-10 concentrations, and leukocyte heat shock protein 70 (HSP70) content]. Heat acclimation reduced body temperatures, heart rate, and physiological strain during exercise/heat stress) in male subjects (n = 8) completing a 7-day heat acclimation protocol. These same subjects completed an identical protocol under placebo supplementation (placebo). Gastrointestinal barrier permeability and TNF-α were increased on the 1st day of exercise/heat stress in quercetin; no differences in these variables were reported in placebo. Exercise HSP70 responses were increased, and plasma cytokines (IL-6, IL-10) were decreased on the 7th day of heat acclimation in placebo; with concomitant reductions in exercise body temperatures, heart rate, and physiological strain. In contrast, gastrointestinal barrier permeability remained elevated, HSP70 was not increased, and IL-6, IL-10, and exercise body temperatures were not reduced on the 7th day of heat acclimation in quercetin. While exercise heart rate and physiological strain were reduced in quercetin, this occurred later in exercise than with placebo. Consistent with the concept that thermotolerance and heat acclimation are related through the heat shock response, repeated exercise/heat stress increases cytoprotective HSP70 and reduces circulating cytokines, contributing to reductions in cellular and systemic markers of heat strain. Exercising under a heat shock response-inhibitor prevents both cellular and systemic heat adaptations. Keywords: heat shock response, cytokine, gastrointestinal barrier permeability 1,2 1,3 4 4 1 4 1 2 3 4 PRIOR EXPOSURE TO A SINGLE preconditioning heat stress allows cells (35), tissues (48), and animals (69) to survive an otherwise lethal heat shock. This protection is transient and synchronous with the heat shock response. While the heat shock response is best known for its role in protein management (44), it has also been shown to enhance epithelial barrier resistance to heat exposure (13-15) and reduce inflammatory cytokine production in heat-stressed animals through inhibition of NF-κB (12). Together, these improvements are thought to limit stress-mediated inflammation by preventing endotoxin translocation into the portal circulation and limiting the systemic inflammatory response.
In the present study, we sought to determine whether dietary quercetin supplementation would suppress the heat shock response in a human population. Our purpose was to obtain data to support the role of the heat shock response in eliciting the cellular and systemic adaptations that result in heat acclimation in an exercising human population. To parse out the role of the heat shock response in these adaptations, subjects completed a standardized heat acclimation protocol twice; once they exercised under normal physiological conditions (placebo), while another time, they exercised under the influence of quercetin. Gastrointestinal barrier, cytokine, and HSP70 responses to both single and repeated bouts of exercise/heat stress were measured in these subjects to determine the role of the heat shock response in cellular adaptations. Body temperature, heart rate, and sweat responses during matched exercise bouts performed before and after heat acclimation were measured to determine the role of the heat shock response in the systemic adaptations that convey the heat-acclimated phenotype.
MATERIALS AND METHODS

Subjects
Eight men [(means ± SE), age: 28 (± 1.6) yr, body mass: 77.0 (± 3.5) kg, height: 178.4 (± 2.5) cm, body fat: 5.9 (± 0.7) %, maximal oxygen uptake 55.6 (± 2.3) ml·kg ·min ] participated in this study. Participants were healthy and physically active, and they did not disclose history of heat illness or gastrointestinal barrier dysfunction. Individual subjects completed 7 days of heat acclimation exercise in either quercetinor placebo-supplemented conditions, allowed 95 (± 9) days for condition washout, then repeated heat acclimation in the opposite condition. Condition order was counterbalanced, and supplementation was double-blind. Data were collected during winter and spring months (October-March) to minimize effects of natural heat acclimatization. Data were collected in the morning hours to minimize effects of diurnal variations in cardiovascular, thermoregulatory, heat shock protein, and cytokine data. The study was approved by the ethics committee of the University of New Mexico, Albuquerque, NM. The study design was registered at ClinicalTrials.gov registration number NCT01168739. All study participants gave written informed consent prior to study participation. Experiments were conducted according to the principles expressed in the Declaration of Helsinki.
Experimental Design
Subjects began the study by providing baseline measures of fitness [maximal oxygen consumption (VȮ ) and body fat]. They next completed a baseline test of gastrointestinal barrier permeability, in nonexercise/heat stress conditions. On the following day, subjects performed a standardized heat tolerance test to provide baseline measurements of their capacity to tolerate exercise heat stress. After a 7-day washout, subjects began the heat acclimation protocol, which was performed under the influence of either 2 g/day quercetin or placebo (powdered food coloring) supplementation. Additional measures of gastrointestinal barrier permeability, cytokines, and HSP70 were performed on the 1st and 7th days of heat acclimation exercise, allowing researchers to examine subjects' acute and acquired thermotolerance responses. A second heat tolerance test was performed on the 6th day of heat acclimation exercise, allowing researchers to examine subjects' ability to acclimate to repeated exercise/heat exposure. Figure 1 provides a schematic of the study design. These measures are described in greater detail in the following sections.
Baseline Measures of Fitness
Each subject performed a continuous graded treadmill test in a temperate room (22°C to 24°C, 30% to 40% relative humidity) to determine VȮ through open circuit spirometry. VȮ was defined as the highest 30-s value when two of the following criteria were met 1) a plateau (change in VȮ < 150 ml/min) with increase in workload, 2) a maximal respiratory exchange ratio greater than 1.1, and 3) heart rate (HR) greater than 95% of the age-predicted maximum. Percent body fat was calculated from the average of three skinfold sites (28) . Following an overnight fast, subjects ingested 10 g lactulose (Kristalose, Cumberland Pharmaceuticals) dissolved in 50 ml dH O. Subjects collected their urine into sterile containers for 8 h postingestion, from which 10 ml was aliquoted and stored at −80°C for subsequent analysis of urinary lactulose excretion. This procedure was completed three times in each study condition. The first was always performed at rest, in nonexercise heat stress conditions, and served as a baseline from which the second and third permeability tests were compared. The second and third permeability tests were performed on the first and last days of heat acclimation exercise, respectively. On these days subjects consumed the lactulose solution 2 h prior to exercise onset. This provided a 1-h window for absorption, which was followed by ingestion of either quercetin or placebo supplementation. Quercetin was consumed 1 h prior to exercise onset to ensure maximal plasma concentrations (41) . The 8-h urine collection on these days represented a 120-min preexercise period, a 110-min exercise-rest-exercise period, and a 250-min postexercise period.
Gastrointestinal Barrier Permeability
Study Diet and Supplementation Procedures
Quercetin is a dietary polyphenol found in high concentrations in apples, onions, and leafy green vegetables (41) . Although American consumption is typically reported in the range of 25-30 mg/day (41), we were concerned with the possibility of overconsumption of dietary quercetin by individual subjects becoming a confounding variable. To minimize the likelihood that this would occur, registered dieticians constructed standardized diets for each subject and provided subjects with all food and beverages consumed during each study condition. The maximal daily intake of quercetin from dietary sources was set at 10 mg/day. As subjects ingested 2 g (2,000 mg) dietary quercetin supplementation each day in the quercetin-supplemented condition, this represents a 200-fold increase over possible dietary inclusion. Subjects also completed daily dietary recalls and returned all food containers and uneaten foodstuffs to study dieticians for weigh-back. Total energy intake, macronutrient ratios, and quercetin content of subject meals in both study conditions are presented in Table 1 .
Supplementation was accomplished by combining 1 g of quercetin powder (QU995; Quercegen Pharmaceuticals) or powdered food coloring with two servings of an orange breakfast beverage (Our Family, Nash Finch) and 16 oz of distilled water. This method of quercetin or placebo administration is similar to that performed in previous human experiments (42) . The dose of quercetin used in this experiment ( 30 mg·kg ·day ) was chosen on the basis of quercetin's bioavailability and a similar study in which subjects exercised in the heat (7) . Supplementation was administered in combination with each subjects' morning and evening meals. The macronutrient ratios of these meals were set at 30% fat, 30% carbohydrate, and 40% protein to increase quercetin bioavailability (6, 37) .
Standardized Heat Tolerance Tests
Subjects began each heat tolerance test by providing a urine sample for hydration assessment via urine osmolality. They next inserted a calibrated rectal thermistor (YSI Precision 4400 Series; Yellow Springs, Yellow Springs, CO) 12 cm into the rectum. Following insertion, subjects provided a nude body mass to 0.1 kg, then donned athletic shorts, socks, and shoes and entered the environmental chamber. Subjects were next fitted with a telemetric heart rate (HR) transmitter strap and watch (S810i series; Polar). This was followed by fitting of uncovered skin thermistors (Grant Instruments) to the upper arm, upper thigh, chest, and calf with elastic straps. This equipment allowed for continuous monitoring of heart rate, core, and skin temperatures during exercise.
Each subject completed 45 min of exercise at a workload corresponding to 50% of his measured VȮ . (46) ], plasma volume, and sweat rate were calculated, where c is current and i is initial. These procedures have been described previously (33, 71) . Great care was taken to minimize the potential influence of extraneous variables (ambient environment, exercise characteristics, and subject hydration status) on experimental design (Table 2 ).
Heat Acclimation Protocol
Subjects consumed either quercetin or placebo 1 h prior to the onset of each day's heat acclimation exercise. On each occasion, subjects exercised for 50 min in an environmental chamber (set at 46.5°C, 20% RH) to increase their core temperature to �39°C. They next rested for 10 min in the environmental chamber. This was followed immediately by performance of another 50-min exercise bout. This method of controlled hyperthermia allowed subjects to maintain core temperature above 39°C for the entire second 50-min exercise bout, providing for a greater and more sustained increase in core temperature over traditional protocols (38) . Workload (speed/% grade) was recorded every 5 min, and oxygen consumption was recorded every 15 min during exercise. Additional measures of oxygen consumption were taken 5 min after each workload transition. Exercise termination criteria included 1) completing the full 100 min of exercise, 2) core temperature �39.5°C, 3) HR � 98% of HRmax, or 4) subject request. Preparatory and exercise procedures were otherwise identical to those described previously for the heat tolerance tests. Additional measures of gastrointestinal barrier permeability and blood samples for thermotolerance variables were taken on days 1 and 7 of heat acclimation. Equality of mean core temperature (2nd 50-min exercise bout), peak core temperature, and mean exercise workloads are depicted in Table 3 . Blood sampling and assay techniques are described in further detail in the following sections.
Blood Sampling Procedure and Plasma Volume Expansion
Posture-controlled blood samples were collected, without stasis, from each subject before (pre), after (post), 2 h post (2 post), and 4 h post (4 post) exercise on the 1st and 7th days of heat acclimation exercise. These samples were used to assess endotoxin, cytokine, and HSP70 responses to exercise. Additional preexercise posture-controlled blood samples were collected prior to each heat tolerance test. These samples were used to assess changes in hematocrit and hemoglobin resulting from heat acclimation. Plasma volume expansion was calculated with a standardized formula (10).
Endotoxin
Plasma endotoxin was assessed with a limulus amebocyte lysate chromogenic endpoint assay from Cell Sciences (HIT302; Canton, MA) sensitive to 1.4 pg/ml. Samples were diluted 1:3 in endotoxin-free water and heated at 75°C for 10 min prior to assay. All samples and standards were measured in duplicate. Endotoxin concentration was taken as the average of sample absorbance after the control background had been removed.
Inflammatory/Anti-Inflammatory Cytokines
T̄ T̄ T̄
Serum TNF-α was assessed with a solid-phase chemiluminescent immunometric assay (Immulite 1000 TNF-α, Siemens Medical Solutions Diagnostics) sensitive to 1.7 pg/ml. Serum IL-6 was assessed with an ELISA (Quantikine HS, R&D Systems) sensitive to 0.039 pg/ml. Plasma IL-10 was assessed with an EIA (Titerzyme EIA, Assay Designs) sensitive to 3.75 pg/ml. All cytokines and standards were measured in duplicate, and all assays were performed according to the manufacturer's instructions.
HSP70
Peripheral blood mononuclear cell (PBMCs) were isolated from whole blood and analyzed for HSP70 protein content, as previously described (75). Minor modifications to this protocol included 1) the membrane was cut longitudinally after blocking; 2) primary monoclonal (SPA-812, Assay Designs) and secondary polyclonal (81-6120, Invitrogen) antibodies were applied to the upper half of the membrane for HSP70 detection; 3) the lower half of the membrane was treated with primary monoclonal (A5441, Sigma) and secondary polyclonal (61-0120, Invitrogen) antibodies for β-actin detection; and 4) HSP70 was quantified relative to β-actin to control for differences in gel loading.
Urinary Lactulose Excretion
Lactulose was quantified with an EIA (K-FRUGL, Megazyme), with some deviations from the manufacturer's instructions. The supplied glucose/fructose (0.2 mg/ml) standard was serially diluted 1:2.
Fifty-five microliters of blank, standard, or urine were added to 96-well microtiter plates, followed by 55 μl of TAE, 10 μl of β-galactosidase, 10 μl imidizole buffer, and 10 μl β-NAD /ATP solution. The plate was mixed and incubated for 3 min at 37°C, then read at 340 nm (A ). The plate was next incubated at 37°C for 2 h to allow β-galactosidase conversion of lactulose into free glucose and fructose. After incubation hexokinase + G-6-P dehydrogenase solution was diluted 1:5 in TAE buffer, and 10 μl was added to all occupied wells. The plate was then mixed and incubated for 5 min at 37°C, then read at 340 nm (A ). PGI was then diluted 1:5 in 0.5× TAE buffer, and 10 μl was added to the plate. The plate was then mixed, incubated at 37°C (5 min), and read at 340 nm (A ). Lactulose = (A − A ) − A .
Statistical Analyses
All statistical analyses were performed with STATISTICA, ver. 7.1 (StatSoft). Variables were tested for normal distribution using the Kolmogorov-Smirnov test. Nonnormally distributed variables were log transformed to approximate a normal distribution before applying a t-test or repeated measures analysis. The repeated factors assumption of sphericity was tested with Mauchly's sphericity test. When necessary, a Greenhouse-Geisser correction was applied to the F ratio to correct for sphericity violations. All data represent mean ± SE for n = 8. Statistical significance was set at P � 0.05.
Gastrointestinal Barrier Permeability
Alterations from basal gastrointestinal barrier function (lactulose and endotoxin) due to exercise/heat stress on day 1 and day 7 of heat acclimation were assessed via paired t-tests. The relationship between lactulose and endotoxin readings was examined via linear regression.
Molecular Responses to Heat Acclimation Exercise
Exercise alterations in TNF-α, IL-6, IL-10, and HSP70 were assessed via one-way repeated-measures ANOVA (time). Dunnett's test was used to assess significant differences from baseline. 
Whole Body Responses to Heat Acclimation Exercise
Alterations in core temperature, mean skin temperature, mean body temperature, heart rate, and physiological strain responses to exercise on day 1 and day 7 of heat acclimation were assessed via twoway RM ANOVAs (day·time). Tukey's post hoc tests were used to assess significant main effects and interactions, where appropriate. Differences in plasma volume and whole body sweat rate from day 1 to day 7 of heat acclimation were examined via paired t-tests.
RESULTS
Heat Stress Day 1
Urinary lactulose excretion and plasma endotoxin levels were not increased (P = 0.48 and 0.22, respectively) on the first day of exercise/heat stress in placebo. There was also no increase in subjects plasma TNF-α concentrations with exercise (P = 0.27). Plasma IL-6 concentrations showed the expected increases with exercise (P < 0.01), with IL-6 increasing from 0.64 ± 0.09 pg/ml before exercise to 4.58 ± 0.58 pg/ml immediately postexercise (P < 0.01), to 3.11 ± 0.24 pg/ml 2 h postexercise (P < 0.01), and to 1.49 ± 0.14 pg/ml 4 h postexercise (P < 0.01). Plasma IL-10 concentrations also increased with exercise (P < 0.01), from 9.69 ± 2.46 pg/ml before exercise to 26.13 ± 9.10 pg/ml immediately postexercise (P < 0.01) and to 17.81 ± 3.83 pg/ml 2 h postexercise (P < 0.01) but had returned to baseline levels by 4 h postexercise (11.71 ± 2.98 pg/ml; P > 0.05). We did not detect an increase in PBMC HSP70 content with exercise, (P = 0.33) (Fig. 2) .
In contrast to that reported for the same subjects during placebo supplementation, urinary lactulose excretion was increased in quercetin [from 0.018 ± 0.004 mg/ml at baseline to 0.035 ± 0.007 mg/ml on the first day of exercise heat stress (P = 0.02)]. While plasma endotoxin levels tended (P = 0.12) to increase with exercise, this finding was nonsignificant. Subjects' plasma TNF-α concentrations were also increased from preexercise (9.43 ± 0.84 pg/ml) to immediately postexercise (12.15 ± 1.37 pg/ml; P = 0.02). Plasma IL-6 concentrations showed the expected increases with exercise (P < 0.01), increasing from 1.13 ± 0.24 pg/ml before exercise to 6.06 ± 1.10 pg/ml immediately after exercise (P < 0.01), to 3.00 ± 0.43 pg/ml 2 h postexercise (P < 0.01), and to 1.83 ± 0.33 pg/ml 4 h postexercise (P = 0.03). IL-10 was also increased (P < 0.01) from 9.56 ± 3.10 pg/ml before exercise to 19.80 ± 4.83 pg/ml immediately after exercise, (P < 0.01), but it was not different from baseline at 2 h (14.65 ± 4.66 pg/ml, P > 0.05) and 4 h (8.68 ± 2.48 pg/ml, P > 0.05) postexercise. We did not detect an increase in PBMC HSP70 content with exercise, (P = 0.14) ( Fig. 3 ).
Heat Stress Day 7
Urinary lactulose excretion (P = 0.23), plasma endotoxin (P = 0.30), and plasma TNF-α concentrations (P = 0.09) remained unaffected by 7 days of repeated exercise/heat stress under placebo conditions. The plasma IL-6 (P < 0.01) response to exercise also remained fairly consistent, with plasma IL-6 concentrations again increasing from 0.70 ± 0.06 pg/ml before exercise to 2.49 ± 0.28 pg/ml immediately postexercise (P < 0.01), and to 1.80 ± 0.17 pg/ml 2 h postexercise (P = 0.03). However, unlike that reported for acute exercise/heat exposure on day 1, IL-6 had returned to baseline by 4 h postexercise (P = 0.07). Also, in contrast to our findings on day 1, we did not detect an increase in IL-10 with exercise following repeated exercise/heat stress (P = 0.07). As expected, PBMC HSP70 content was increased (P = 0.05) from 1.38 ± 0.23 pixel units preexercise to 2.41 ± 0.48 pixel units by 4 h postexercise/heat stress (P = 0.01). This finding mirrors our previous observations in subjects completing a 10-day heat acclimation protocol (45) (Fig. 4 ).
Quercetin supplementation resulted in persistent, exercise-induced increases in urinary lactulose excretion over baseline measurements (from 0.018 ± 0.004 mg/ml at baseline to 0.028 ± 0.003 mg/ml on the 7th day of exercise/heat stress; P = 0.04) ( Fig. 5 ). This indicates heat acclimation under HSF-1 inhibition could not overcome this defect. Plasma endotoxin levels also rose from 4.76 ± 0.65 pg/ml before exercise to 8.12 ± 1.91 pg/ml immediately after exercise (P = 0.03) These data were further supported by a strong linear correlation (r = 0.637) between plasma endotoxin levels and urinary lactulose excretion. When taken together, these results suggest that the impairment in gastrointestinal barrier function resulting from multiple days of exercise/heat stress may have exceeded the endotoxin-clearing capacity of the reticuloendothelial system. However, despite the increase in gastrointestinal permeability, we did not detect a persistent increase in plasma TNF-α at rest or with exercise (P = 0.57) in these subjects. Thus, there was a decline in postexercise TNF-α between days 1 and 7 of the exercise protocol. Similar to that reported for the same subjects under placebo supplementation, IL-6 (P < 0.01) remained affected by exercise, with plasma concentrations increasing from 0.95 ± 0.30 pg/ml before exercise to 2.71 ± 0.35 pg/ml immediately after exercise (P < 0.01) and to 2.19 ± 0.44 pg/ml 2 h postexercise (P < 0.01). However, unlike that reported on day 7 for placebo supplementation, plasma IL-6 concentrations at 4 h postexercise remained elevated (1.28 ± 0.24 pg/ml; P = 0.05). We also noted differences in plasma IL-10 responses to exercise/heat stress on day 7 of placebo and quercetin supplementation; in the former, there was no increase with exercise (P = 0.07), while in the latter, the increase (P = 0.04) from preexercise (8.42 ± 2.71 pg/ml) to immediately postexercise (15.94 ± 5.22 pg/ml) was retained (P = 0.05). In further contrast to what we reported for these subjects under placebo supplementation, we did not detect an increase in HSP70 with exercise (P = 0.19) ( Fig. 5 ).
Heat Acclimation
Core temperature (P = 0.02), mean skin temperature (P < 0.01), and mean body temperature (P < 0.01) were reduced after 7 days of heat acclimation under placebo supplementation. Specifically, core temperature was reduced at 40-45 min, mean skin temperature was reduced at 35-45 min, and mean body temperature was reduced at 30-45 min of exercise, respectively. Heart rate (P = 0.01) and physiological strain (P = 0.02) responses to exercise were also improved, with heart rate being reduced starting from 5 to 45 min of exercise, and physiological strain being reduced starting from 10 to 45 min of exercise ( Fig. 6 ). We also noted significant increases in whole body sweat rate (from 31 ± 1.6 ml/min to 34.3 ± 2.2 ml/min; P = 0.04) and plasma volume expansion (16 ± 4%) (data not shown).
Interestingly, core temperature (P = 0.13), mean skin temperature (P = 0.97), and mean body temperature (P = 0.11) responses to exercise/heat stress were not reduced after 7 days of heat acclimation under quercetin supplementation. Further, while overall improvements in heart rate (P = 0.02) and physiological strain (P = 0.02) responses to exercise/heat stress were detected in the quercetin condition, these reductions came much later in exercise. Compared with the placebo condition, where improvements in heart rate and physiological strain were evident at 5 and 10 min of exercise, respectively, under quercetin, improvements were not detected until 20 and 25 min of exercise had elapsed (Fig. 6 ). While thermoregulatory responses in subjects under quercetin supplementation were clearly compromised, these differences cannot be explained by differences in the subjects' ability to sweat (which increased from 30.3 ± 3.4 ml/min to 35.2 ± 3.7 ml/min; P = 0.002) or to expand their plasma volume (plasma volume expansion = 16 ± 5%), which were not different between conditions (P = 0.49 and 0.54, respectively). 2 
DISCUSSION
In the present study, we examined the effect of a standard laboratory HSF-1 inhibitor, quercetin, on welldescribed markers of thermotolerance and heat acclimation in humans. We found that 2 g/day oral quercetin supplementation disrupted the normal cellular accumulation of HSP70 in PBMC. The blunted HSP70 response was associated with impairments in gastrointestinal barrier function and inflammatory/antiinflammatory cytokine profiles. These findings in exercising humans mirror those in cells (25) , tissues (13, 15) , and animals (36, 53) . While this is the first clear example of this effect in humans, the major finding of this study was the ability of quercetin ingestion to impede acquisition of the acclimated phenotype. Our findings are consistent with a possible role of HSF-1 in both thermotolerance and heat acclimation.
HSF-1 Inhibition and Reduced Acquisition of Heat-Acclimated Phenotype
The results from our study suggest a link between thermotolerance and heat acclimation through inhibition of the heat shock system in humans. An association between thermotolerance and heat adaptation has been suggested in prior reports, which took advantage of natural differences between insect and animal species. Perhaps, the best example of such adaptations is the Saharan ant Cataglyphis bombycina, which shows elevated levels of HSP70 at low ambient temperatures (25°C). This adaptation has been suggested to contribute to C. bombycina capacity to forage at midday, tolerating surface temperatures 15°C higher than all other desert ant species (21) . This adaptation is vital to C. bombycina survival, as the associated increase in critical thermal maximum (53-55°C) gives it a slight competitive advantage over Acanthodactylus dumerili, a predatory lizard species with similar thermal adaptation (68) . There is also evidence of elevated HSP70 levels at normal ambient temperatures in lizards (66) and multiple insect species (18, 58) that reside in environments prone to rapid temperature change. This high constitutive HSP70 expression has been suggested to allow these organisms to perform work at elevated temperatures, where de novo HSP70 synthesis would be too slow to confer any benefit (49) . Benefits of this adaptation are apparent when one examines Hydra attenuate, a hydra species that has naturally lost the ability to accumulate HSP70 in response to thermal exposure. Acclimating this hydra species does not induce thermotolerance; rather, it increases mortality to subsequent thermal exposure (2) . In all of these studies, the natural experiment suggested that improved heat tolerance, as measured by work in the heat, was associated with an elevated HSP response. Likewise, an evolved decrease in HSP response predicted less capacity to perform work in heat and heat intolerance.
Intriguingly, a similar repression of the heat shock response has been reported in heat-intolerant military personnel, and it has been suggested to explain the excessive metabolic heat storage and physiological strain these soldiers experience in response to exertional heat stress (45) . It should also be noted that these soldiers are at significantly increased risk of developing exertional heat illness than the general population (17, 45) . Reduced acclimatory capacity has also been reported in rats acclimatized under HSP70 blockade (39) . Like that reported by heat-intolerant military personnel, and for otherwise healthy subjects in the present study, rats that were acclimated under HSP70 blockade exhibited decreased heat endurance and increased tissue damage in response to subsequent thermal challenge (23) .
Critique of Approach: Alternative Actions of Quercetin that May Delay Heat Acclimation
Although quercetin is known to be a potent inhibitor of the heat shock response, it has other biological activities that may have influenced the results of this study. These areas are examined in the following sections.
Tight junctions.
Cytokines.
Cellular stress.
Antioxidant capacity.
Although we have consistently reported increased permeability in heat-stressed monolayers under quercetin supplementation (11) (12) (13) (14) (15) , other authors have reported reductions in monolayer permeability following quercetin supplementation (1, 62) . The increased permeability in our studies was associated with reduced expression and junctional localization of occludin, an integral tight junction protein. The reduced permeability reported by other authors was associated with upregulation of claudin-4, another tight junction protein. As such, it is possible that the increased gastrointestinal barrier permeability and plasma endotoxin concentrations reported in quercetin-supplemented subjects in the present study may reflect a complex interplay between barrier-supporting and barrier-reducing effects of dietary quercetin supplementation. However, it must be noted that both studies reporting positive barrier effects of quercetin were conducted in resting monolayers, in the absence of imposed stress, while our studies reporting negative barrier effects of quercetin utilized acute heat exposure to alter barrier properties.
We suggest the results of this study reflect a quercetin-mediated suppression of the heat shock response during repeated exposure to exercise/heat stress, resulting in increased gastrointestinal barrier permeability, endotoxin translocation into the portal and systemic circulations, and disturbed proinflammatory and anti-inflammatory cytokine responses. These alterations are all characteristic of an overactive NF-κB system. However, quercetin is known to inhibit proinflammatory cytokine (TNF-α, IL-1β, IL-6, and IL-8) gene expression in LPS-stimulated macrophages, adipocytes, and PBMCs via modulation of the NF-κB system (52, 56) . Quercetin has also been reported to improve inflammatory parameters in rodent models of intestinal inflammation (8, 32) . As such, the results of this study likely reflect the outcome of a conflict between toxic (inhibition of the heat shock response) and beneficial (inhibition of the NF-κB system) effects of dietary quercetin supplementation. The net result may depend on the type (infection vs. exercise/heat) of stress.
Our previous cell and tissue culture experiments provide clear evidence of quercetin's ability to suppress HSF-1 activity. Inadequate stimulation of the heat shock response in these studies resulted in increased cellular stress and a loss of thermotolerance. While a similar mechanism may be expected in the present study, HSF-1 was not measured directly. As such, it is possible that our thermotolerance results may be explained by an alternative mechanism. One possibility is a quercetin-mediated reduction in cellular stress, resulting in reduced activation of the heat shock response. In fact, suppression of the unfolded protein response was recently reported in quercetin-supplemented intestinal epithelial cells (54) . Reductions in misfolded protein aggregation during imposed stress would reduce competitive binding of heat shock proteins from HSF-1 in the cytosol (autoregulatory loop hypothesis of HSF-1 regulation; expertly reviewed in Ref. 47 ). Retention of HSF-1 in its monomer form would prevent its activation, nuclear entry, and ultimately propagation of the heat shock response. Although it is important to note this possibility, it must be noted that the net result would still be reduced HSF-1 activity and HSP70 accumulation.
While quercetin's antioxidant capacity may have reduced cellular stress, and thus the impetus for activation of the heat shock response, it is also tenable that quercetin's antioxidant properties may have repressed formation of reactive oxygen species, which are integral mediators of cellular signaling responses. Although these effects have not been attributed to quercetin in a human model, suppressed leukocyte expression of HSF-1 and HSP70 following exhaustive treadmill exercise was shown in humans supplemented with α-tocopherol, a similar antioxidant (19, 55) . More recently, oral antioxidant supplementation has been reported to suppress the improvements in insulin sensitivity that are normally associated with combined endurance/resistance exercise (59) . Antioxidant ingestion has also been reported to block mitochondrial biogenesis in skeletal muscle, reducing the expected improvements in endurance capacity of rats and humans responding to 6-8 wk of exercise (22) . In the present study, these effects may be linked to quercetin-mediated inhibition of hypoxia inducible factor 1α (HIF-1α) via impairments in MAPK-dependent phosphorylation (65) . This is an intriguing concept, as HIF-1α pathways have been shown to be both activated by heat acclimation (40) and integral in acquisition of the heat-acclimated phenotype (64) . This convergence of HSF-1 and HIF-1α transcription factors has been suggested to explain cross-tolerance, or the ability of prior exposure to one stressor to protect against subsequent exposure to an alternative stressor (24) . As such, this may be the mechanism linking thermotolerance, heat acclimation, and the heat shock response in the present study.
Perspectives and Significance
This study adds to a growing body of literature that suggests antioxidant dietary supplementation may inhibit exercise-driven adaptations in otherwise healthy athletic populations. Our data suggest dietary quercetin supplementation impaired the cellular and systemic adaptations associated with both thermotolerance and heat acclimation in exercising humans. It is important to note that our study was limited by the fact that reductions in the heat shock response, as evidenced by reduced cellular accumulation of HSP70, may have been caused by quercetin-mediated reductions in cellular stress, and not by quercetin-mediated suppression of the heat shock response. Regardless of the mechanism, the fact remains that reductions in thermotolerance and heat acclimation reported in the present study occurred in concert with ingestion of a known HSF-1 blocker. More importantly, these effects were not shown in the same subjects under placebo supplementation. We suggest that more rigorous protocols utilizing a more specific HSF-1 blocker, longer heat acclimation protocols, and more severe core temperature perturbations are required to further parse out the effects of this dietary supplement on the heat shock response. 
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